In order to evaluate coronary artery disease quantitatively we recorded body surface maps before and after treadmill exercise in 27 patients suspected of having coronary artery disease.
SUMMARY
In order to evaluate coronary artery disease quantitatively we recorded body surface maps before and after treadmill exercise in 27 patients suspected of having coronary artery disease.
Electrocardiograms were recorded from 87 points on the anterior and posterior chest wall. The pre-exercise ST level was subtracted from postexercise ST level at each lead point and an ST difference MAP was constructed. The ST level at 60 msec from J point was used for the construction of the ST difference MAP.
By means of ST difference MAP, the area with ST changes which was induced by treadmill exercise could be evaluated. The size of the STdepression area in the ST difference MAP was considered to be proportional to the severity of the coronary artery disease and the ST-elevation area was closely correlated to the motion abnormality of the corresponding left ventricular wall.
Treadmill exercise test using body surface mapping has provided a measure of quantitative diagnosis of coronary artery disease especially in symptomatic patients. November 1981 electrical activity induced by the treadmill test. Body surface mapping has been given much attention since the reports of Taccardi.13),14) Mirvis et al15) reported left precordial isopotential mapping during supine ergometer exercise in normal subjects. For the diagnosis of ischemic heart disease Fox et al16) described a method of precordial mapping during standing ergometer exercise. Their lead points were limited to the left anterior chest wall , and their work was incomplete because the test results were not fully analyzed with respect to the severity of the coronary artery disease or the left ventricular wall motion .
We recorded body surface isopotential maps with 87 electrodes placed on the anterior and posterior chest wall before and after the treadmill exercise. Using these maps we attempted to evaluate the area which showed significant changes between pre-and post-exercise ST levels and to determine the significance of ST deviation (elevation and depression) in comparison with coronary angiograms, left ventriculograms and thallium-201 scintigrams .
METHODS

Study group
The study group consisted of 27 male patients (ages: 37-70, mean 55 years) admitted to our hospital with a history of chest pain to evaluate the presence of coronary artery disease. They underwent treadmill exercise test using body surface mapping. Twenty-four of them were examined by means of cardiac catheterization, coronary angiography, and left ventriculography. Twenty of these 24 patients were also examined by thallium-201 scintigraphy. The other 3 patients underwent only thallium-201 scintigraphy, excluding cardiac catheterization, mainly because of their advanced ages. There were no patients with unstable angina among the 27 patients. Patients with cardiomyopathy or valvular dysfunction were excluded from the study. Those in whom digitalis preparations and beta-blocking drugs could not be withdrawn safely before the test were also excluded. None of the patients had electrocardiographic evidence of intraventricular conduction disturbances.
Selective coronary angiographies were carried out in multiple projections according to Judkins' technique, and left ventriculograms were analyzed in the 30-degree right anterior oblique and 60-degree left anterior oblique positions. In 23 of the 24 patients who underwent cardiac catheterization both right and left coronary angiographies were successful. One patient had only left coronary angiography. Coronay angiograms and left ventriculograms were analyzed and reported on by the chief radiologist specialized in cardiology according to the coronary artery disease reporting system of the American Heart Association.17) Coronary artery narrowing of 75% or more in this reporting system was considered significant. Regional left ventricular contractility was graded as follows: normal, 0; reduced, 1; none, 2; dyskinetic, 3; aneurysmal, 4. These scores were given separately to the 7 segments (anterobasal, anterolateral, apical, diaphragmatic, posterobasal, septal, posterolateral) of the left ventricular wall. Then, an asynergy index was made by adding all the scores.
Thallium-201 scintigrams were obtained at rest in the 30-degree right anterior oblique, anterior, 45-degree left anterior oblique and left lateral positions. In the thallium-201 study, the left ventricle was divided into 6 parts; anterior, apical, septal, lateral, inferior, and posterior.
Coronary angiograms, left ventriculograms, and thallium-201 scintigrams were interpreted independently without knowledge of the findings of the treadmill exercise test using body surface mapping.
Exercise protocol Exercise stress tests were performed using a motor-driven treadmill according to the Sheffield protocol18) modified by the insertion of a 3-min intermediate stage during which 3.8mph and a 14% grade were used. The lead-CM5 ECG was recorded and blood pressure was measured by a Riva-Rocci system in the resting supine and standing positions and at 30-sec intervals during the exercise, and in the supine position at 2-min intervals for 10min after the exercise. Patients exercised until exhaustion, severe dyspnea, progressive hypotension or progressive angina pectoris developed, or ST segment depression of more than 3mm in the case of asymptomatic patients was seen or at least the target heart rate proposed by the Scandinavian Committee19) was achieved. Localization of lead points For the construction of body surface maps 87 lead points were distributed over the chest wall, more points being on the anterior chest and less on the back. The selection of these lead points was essentially the same as that of Yamada20) who used 85 lead points, two less on account of omitting 2 electrodes on the back. Six additional electrodes were placed on the extremities and H and M sites of the Frank lead system (A, I, C, E, and F were for commom use).
Data acquisition Body surface maps were recorded using the HPM-5100 Heart Potential Mapper minimize the effect of breathing on the ECG voltage, data sampling was always done at the resting expiratory state in supine position. Data analysis procedures The flat portion of the PQ segment was selected as a baseline, or zero potential line. J point was defined in the spatial vector as the point of junction of the end of the QRS loop with the beginning of the T loop. The preexercise ST level was subtracted from the postexercise ST level at each lead point and an ST difference MAP was constructed (Fig. 1A) . The ST level at 60 msec from the J point21) was used for the construction of the ST difference MAP. Changes of ST level greater than 0.1mV were considered significant and isopotential lines were depicted at 0.1mV intervals. Areas of no significant change were shaded by oblique lines. The ST difference MAP was depicted by an X-Y plotter using a minicomputer system which was specifically developed for this purpose. The dimension of the area with significant ST deviation (>0.1mV) was automatically calculated. For this purpose the chest circumference was normalized at 80cm. The input of this minicomputer system was the cassette tape copied by an HPM-5100 Heart Potential Mapper. The ST difference MAP was divided into 6 regions; anterior, apical, septal, lateral, inferior, and posterior (Fig. 1B) . Each of the regions was considered to reflect the corresponding region of the left ventricle.
RESULTS
The ST difference MAP was obtained in all 27 patients. The clinical, angiographic and exercise test data for the 27 patients are listed in Table I . The patients were divided into 4 groups according to the interpretation of the ST difference MAP. Group 1 consisted of 5 patients who developed ST elevation or positive area alone; Group 2 consisted of 3 patients who developed ST elevation and concomitant ST depression or negative area in other region; Group 3 consisted of 11 patients who developed ST depression alone; and Group 4 consisted of 8 patients who did not show any significant ST change (Table I) . ST difference MAPS were compared with coronary angiograms, left ventriculograms and thallium-201 scintigrams.
Comparison of ST difference map with coronary angiogram Twenty-three patients who underwent both right and left coronary angiographies were examined (Tables I, II) .
All 3 patients with no significant coronary artery narrowing belonged to group 4, as none of them had significant ST changes on the ST difference MAP.
Of the 10 patients with single-vessel disease 3 had a significant ST elevation only (Group 1) and 2 had an ST depression only (Group 3), whereas 5 had no significant ST changes (Group 4).
All 10 patients with 2-vessel disease had significant ST changes. Seven of them had an ST depression only (Group 3), 2 had both ST depres- sion and ST elevation (Group 2), and 1 had an ST elevation only (Group 1). None of the whole series had left main coronary narrowing or 3-vessel disease. The area of ST depression and the narrowing site of the coronary artery in the patients of Group 3 are listed in Table III . Seven patients had 2-vessel disease and 2 had single-vessel disease. Of the 7 patients with 2-vessel disease 3 had a combination of RCA (right coronary artery) and LAD (left anterior descending artery). Three patients had a combination of LAD and LCX (left circumflex artery) and 1 had a combination of RCA and LCX. Fig. 2A shows the ST difference MAP of Case 9 who had 99% narrowing at segment 1 and 75% narrowing at segment 2 of RCA, and 75% narrowing at segments 6, 7, and 9 of LAD. The ST difference MAP at Jpn. Heart J. N ovember 1981 Fig. 2 . A) An ST difference MAP of Case 9 who had 99% narrowing at segment 1 and 75% narrowing at segment 2 of RCA, and 75% narrowing at segments 6, 7, and 9 of LAD. One and a half min after the exercise an ST depression or a negative area of 898cm2 appeared over the anterior, apical, septal, lateral, and inferior regions. Five min after the exercise the ST depression area was of a still remarkable size (393cm2). B) An ST difference MAP of Case 11 who had a complete occlusion at segment 2 of RCA and 75% narrowing at segment 6 of LAD. One and a half min after the exercise an ST depression area measuring 278cm2 appeared over the apical, anterior, and inferior regions, and disappeared within 5min of the end of the exercise.
one and a half min after the exercise revealed an ST depression or negative area of 898cm2 over the anterior, apical, septal, lateral, and inferior regions. Five min after the exercise the ST depression area was still remarkable in size (393cm2). Fig. 2B is the ST difference MAP of Case 11 who had a complete occlusion at segment 2 of RCA and 75% narrowing at segment 6 of LAD. In the ST difference MAP one and a half min after the exercise an ST depression area of 278cm2 appeared in the apical, anterior and inferior regions and disappeared within 5min of the end of the exercise. Although both cases mentioned above had 2-vessel disease with RCA and LAD lesions, they differed in the number of narrowing sites.
Case 10 had also RCA and LAD lesions. When Case 9 and Case 10 were compared it was difficult to determine which was more serious, but Case 10 showed an ST depression area of 626cm2 one and a half min after the exercise.
In the 3 patients (Cases 12, 13, 14) with LAD and LCX lesions the ST depression area was considered to be proportional to the severity of coronary artery disease.
Compared with Case 16, Case 15 had an additional lesion in the RCA. However, the ST depression area of Case 15 was a little smaller than that but he had multiple segmental narrowings of <75% along the whole length of the RCA.
Comparison of ST difference map with left ventriculogram Twenty-four patients who underwent left ventriculography were studied. Abnormalities of left ventricular wall motion were present in 18 (75%) of these 24 patients (Table I) An ST elevation or positive area was observed in 7 patients (30%), 4 in Group 1 and 3 in Group 2 (Table I ). In all 7 cases, severe (none, dyskinetic or aneurysmal of AHA) abnormalities of left ventricular wall motion were present at corresponding sites of the ST elevation areas. ST elevation was always seen over the abnormal Q area. Table IV . Of the 138 regions, those with ST elevation were 15 (11%), those with ST depression were 38 (28%), and those with no significant ST changes were 85 (61%). In addition, thallium-201 defect was present in 33 regions (24%). Of the 15 regions with ST elevation thallium-201 defect was present in 14 regions (93%). On the other hand, of the 38 regions with ST depression thallium-201 defect was present only in 2 (5%). Of the 85 regions with no ST change thallium-201 defect was present in 17 (20%), the occurrence being lower than in the regions with ST elevation but higher than in the regions with ST depression.
DISCUSSION
Berman et al22) and other authors23),24) reported that 1) the degree of ST depression and 2) persistence of ST depression during recovery from exercise were proportional to the severity of coronary artery disease. However, owing to their limited lead points it is impossible to measure the maximal voltage of ST depression anywhere on the chest wall and, therefore, it is also hard to know whether ST depression persist on the chest wall or not. In our study not only the maximal voltage of ST depression (Table I) but also the site of significant ST depression could be identified, and the regression process could be scrutinized.
In the patients in Group 3 we demonstrated that the ST depression area was nearly proportional to the multiplicity (multiple or solitary) or locality (proximal or distal) of the coronary artery narrowings (Table III) . In addition the regression process of the area was displayed in 2 cases (Cases 9 & 11, Fig. 2 ).
Many factors including the multiplicity or locality of the coronary narrowings, development of collateral vessels, coincident abnormalities of left ventricular wall motion, etc. may affect the ST depression area. It is, therefore, understandable that some discrepancies exist between the size of the ST depression area and the severity of the coronary artery disease.
Chahine et al25) concluded that exercise-induced ST elevation probably related more to the presence of abnormal wall motion than to myocardial ischemia. By means of the asynergy index a close correlation between exercise-induced ST elevation and abnormalities of left ventricular wall motion (Fig. 3) was also shown. Further, our data show the good correspondence between a region where ST is elevated and a region having severe (none, dyskinetic or aneurysmal of AHA) abnormality of left ventricular wall motion (Fig. 4 & Table I ).
It was shown in our study that thallium-201 defect was present in 93% of the regions with exercise-induced ST elevation (14/15) whereas only in 5% of those with exercise-induced ST depression (2/38). It is generally believed that exercise-induced ST depression is due to transient subendocardial ischemia. Fortuin et al, 26) on the other hand, reported that exerciseinduced ST elevation might be a manifestation of severe transmural, rather than subendocardial, ischemia. Our results suggest that exercise-induced ST elevation occurs in a low-blood-flow area or in a permanently ischemic region, as a thallium-201 defect at rest is considered to be indicative of an infarction. Exercise-induced transmural ischemia in a permanently ischemic (thallium-201 defect) region may occur more easily than exerciseinduced subendocardial ischemia in a non-ischemic region which is at rest (thallium-201 normal). Consequently, it may be permissible to conclude that a ST elevation is a reflection of transient transmural ischemia induced by exercise.
We found that the exercise-induced ST elevation area was closely correlated to abnormal motion of the corresponding wall. Transmural ischemia Jpn. Heart J. N ovember 1981 may likely occur in an area which has low blood flow or is permanently ischemic at rest. Abnormal wall motion probably would occur more frequently in an area of fibrotic change where the blood flow is thought to be markedly reduced. At present we think abnormal wall motion is compatible with exercise-induced transmural ischemia.
For the sake of simplicity we excluded ST elevation occurring in a thallium-201 normal region (7%) and ST depression appearing in a thallium-201 defect region (5%) from our data, and showed information on a region of the left ventricle which was obtained non-invasively by means of a combination of thallium-201 scintigram and ST difference MAP (Table V) . We can see that 2 different etiologies exist in the normal-ST regions. When there is no thallium-201 defect the normal-ST region corresponding to that scintigram seems to be supplied with an adequate blood flow even during exercise. With thallium-201 defect, however, the normal-ST region is supplied with a reduced blood flow even at rest. The reason for no ST change occurring in such cases may be that exercise-induced transmural ischemia and/or abnormal left ventricular wall motion failed to raise the ST segment to a significant level. In fact the normal-ST region with thallium-201 defect had relatively good wall motion as compared with the ST-elevated region.
It is concluded from our study that 1) by means of ST difference MAP the area with ST change which is induced by treadmill exercise can be evaluated quantitatively, 2) the size of the ST-depression area in the ST difference MAP is considered to be proportional to the severity of the coronary artery disease, 3) the ST-elevation area is closely correlated to corresponding wall motion abnormality, and 4) by means of thallium-201 scintigram and the ST difference MAP information on left ventricular regions can be obtained non-invasively.
Treadmill exercise test using body surface mapping has provided a measure of quantitative diagnosis of coronary artery disease especially in symptomatic subjects. The relationship between exercise-induced ST changes in the chest wall and abnormalities of coronary angiograms, left ventriculograms needs further investigation. This may prove a useful noninvasive means in the assessment of medical and surgical treatments for patients with coronary artery disease.
